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[57] ABSTRACT 


In an airborne armament fire control prediction com- 
puter, apparatus for computing smoothed inertial veloc- 
ity and acceleration components of an observed target 
in a three-dimensional Cartesian coordinate system. A 
target tracking sensor mechanization is provided which 
generates target position, velocity, and acceleration 
data components in an inertially-stabilized Cartesian 
coordinate system, whereby improved closed-loop pi- 
lot-aircraft weapon control system dynamic stability 
and accuracy result. Target sensor dynamic tracking 
accuracy improvement and noise reduction are also 
obtained by virtue of such inertially stabilized tracking 
mechanization. 


18 Claims, 6 Drawing Figures 
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R = RANGE TO TARGET 

V7: TARGET VELOCITY 

Va = INTERCEPTOR VELOCITY 

VY =PROJECTILE RELATIVE VELOCITY 
T = TIME UNTIL MISSILE IMPACT 
FIG. | Ty = MISSILE TIME OF FLIGHT 

E= LAUNCH ERROR 














Rn . Re Rz 





FILTER L. 
PROCESSING | 
MEANS : 








INERTIAL - 
NAVIGATOR 


sRN +VAN 


Be] 





FIG. 3 


INVENTOR. 
JEROME M. PAGE 


BY 
Rey Prxzey 


ATTORNEY 





U.S. Patent Dec. 5, 1978 Sheet 2 of 3 4,128,837 





FIG. 4 





INVENTOR. 
JEROME M. PAGE 


ATTORNEY 





4,128,837 


Sheet 3 of 3 


U.S. Patent Dec. 5, 1978 


asvai34 swoas= 


y3.1NdWOd 


















SAIL 134 






= waILNdNOD wld re 

eo [ yaTIOULNOD | solisitiva 1H9INA To © 
| — LHOITA yam 
zp] OLLVWOLAY | ag 
ae = 
9» 4, uoLWOIGNI NOLLAIOS3Y i 
AW Idsid KLIQO73A = 
a 
uJ 
—> 





Y3SA10S3Y 
YOuNS 
SONVY 





NOILISOd 
L3A9uvL 





Aa es 


SONLILLY 
10 





YOLVOIAVN 
WILYANI 





BY 
boy (Cex 


ATTORNEY 





4,128,837 


i 


PREDICTION COMPUTATION FOR WEAPON 
CONTROL 


BACKGROUND OF THE INVENTION 


The aiming and firing of missiles and projectiles from 
a maneuvering airborne weapon platform such as a 
military aircraft involves the computation of and com- 
parison of the predicted trajectories of the.target and 
the missile to determine necessary steering changes to 
be applied in the control of the weapon platform. Such 
fire control technique conventionally employs the line- 
of-sight range to the target, and the direction angle 
components of the line-of-sight direction, as determined 
by a radar system. In such application, the radar system 
may preferrably be of the tracking type, whereby the 
radar antenna boresight axis is servoed or otherwise 
maintained substantially coincident with the line of 
sight (L.O.S.) to the target. 

The target position information thus provided by the 
radar is expressed in the polar coordinates of the an- 
tenna which may be rotating relative to the platform on 
which it is mounted, which platform itself may be rotat- 
ing relative to inertial space. Hence, the computation of 
predicted future target positions employing time deriva- 
tive or rate-of-change data involves the differentiation 
of a vector quantity measured in a rotating coordinate 
system. Such computation has involved the computa- 
tion of cross products of angular rates. Also, such differ- 
entiation process magnifies noise content of the signals 
(as is well understood) as to require low pass filtering to 
attenuate such noise. Prediction of target acceleration 
(usually termed second order) has not been practiced 
for many airborne systems because of noise problems. 

Prior art smoothing techniques in fire control predic- 
tion computation, using tracking radars, have effected 
vector filtering by means of rate gyros on the radar 
antenna. Forms of such techniques are described for 
exmple in U.S. Pat. No. 3,123,822 issued to R. G. Shel- 
ley, et al, for Filter for Information Expressed in Rotat- 
ing Coordinates; U.S. Pat. No. 3,185,817 issued to R. G. 
Shelley for Gyroscope Filtering and Computing Sys- 
tem; and U.S. Pat. No. 2,805,022 issued to R. G. Shelley 
for Vector Filter System. Such techniques serve to 
smooth the target position and rate gyro data provided 
by the radar. Because such position and rate gyro data 
represents the effect of both ownship motion and target 
motion, such smoothing inserts a lag in ownship data. In 
other words, the radar tracking filter is in the tracking 
loop, as to inert the filter lag in the tracking loop as a 
contribution to fire-control errors and tends to decrease 
tracking stability of the pilot. Also, the use of such rate 
gyros contributes to the angular errors due to the inher- 
ent thresholds and non-linearities of operation and the 
output noise levels of such devices. The mechanization 
of such gyroscope filters, by means including instru- 
ment servos of limited accuracy and limited dynamic 
response, contributes additional noise and error. Such 
noise levels in general prevent the use of second order 
prediction techniques as to limit the theoretical accura- 
cies obtainable. 

Radar track mechanizations currently used require 
high dynamic response to stabilize against aircraft ma- 
neuver, thereby making the radar more susceptable to 
ECM equipment and techniques. 

As military aircraft speeds increase, it is necessary to 
fire the weapons of such arcraft at increased ranges and 
with reduced reaction time. Such increased ranges in 
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conjunction with allowable missdistances thus define 
allowable angular steering errors of decreasing magni- 
tudes. Such smaller allowable angular steering errors 
thus tend to require greater accuracies than those ob- 
tainable from the rate gyro state-of-the-art, and tend to 
make intolerable that time-lag imposed on ownship 
motion data due to inclusion of the radar prediction 
filter in the overall geometry-control loop. Also, such 
need for increased accuracy tends to require the use of 
second order prediction techniques rather than more 
approximate methods of fire control computation for 
the short range delivery of missiles against maneuvering 
targets. 


SUMMARY OF THE INVENTION 


By means of the concept of the invention, the above 
noted disadvantages of the prior art are avoided, and 
smoothed target data are provided by other than gyro 
filters for use in second order prediction. 

In a preferred embodiment of the inventive concept, 
there is provided a fire control system comprising an 
inertial platform and high speed computing means in- 
cluding a coordinate converter for spatial stabilization 
of the antenna of a tracking radar, and conversion of the 
polar codrdinates of the radar data to that space-stabil- 
ized Cartesian coordinate system in which the naviga- 
tion system resolves the motion of the weapon platform 
or vehicle upon which the fire control system is 
mounted. 

There is further provided closed loop integrating 
means responsive to the resolved target position and 
resolved weapon platform velocity for computing the 
smoothed resolution components of the target velocity. 
Such closed loop technique may also be employed to 
derive the smoothed resolution components of the tar- 
get acceleration, for use in second order prediction of 
the target position. Such technique avoids the use of 
rate gyros mounted on the antenna as to avoid the er- 
rors and noise attendant with rate gyro filtering tech- 
niques. Also, because antenna-mounted rate gyros are 
not used, no filtering of weapon platform data occurs; 
only target motion data is filtered. Therefore, data of 
increased accuracy and less noise is provided. Because 
such improved data is provided, second order predic- 
tion becomes practical as well as being theoretically 
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accuracies. Accordingly, a broad object of the subject 
invention is to provide an improved fire control system 
for use by maneuvering aircraft. 

It is another object of the invention to provide target 
position data suitable for use in a second order predic- 
tion system. 

It is a further object to provide means for deriving 
smoothed target velocity data in Cartesian coordinate 
form. 

Still another object is to provide both target predic- 
tion and radar track stabilization within the same system 
mechanization. 

These and other objects of the invention may be more 
fully appreciated from the following description, taken 
together with the accompanying drawings in which: 


BRIEF DESCRIPTION OF THE DRAWINGS 


FIG. 1 is a diagram of the geometry of an exemplary 
fire control problem solved by an airborne fire control 
system. 
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FIG. 2 is a block diagram of a system embodying the 
concept of the invention and adapted for use in solving 
the fire control intercept problem of FIG. 1. 

FIG. 3 is a schematic arrangement in block diagram 
form of one of the target range rate computers of FIG. 
2. 

FIG. 4 is a schematic arrangement in block diagram 
form of one of the target acceleration computers of 
FIG. 2; 

FIG. 5 is a simplified block diagram, illustrating the 
application of the second order computing concept of 
FIG. 4 to the control of the range-tracking unit of a 
tracking radar; and 

FIG. 6 is a block diagram of a preferred embodiment 
of the invention, in which the concept is applied to both 
range-tracking and angle tracking control of a tracking 
tadar and to weapon system prediction and control of 
the weapon platform employing such tracking radar or 
equivalent sensor. / 

in the figures, like reference characters refer to like 
parts. 

Referring now to FIG. i there is illustrated a diagram 
of the geometry of an exemplary fire control problem 
solved by an airborne fire control system. 

Referring to FIG. 1, there is illustrated a vector dia- 
gram of the geometry of an exemplary fire control prob- 
lem solved by an airborne radar-aided fire control sys- 
tem, in which the direction and distance to the target is 
indicated by the vector R. The future position of a 
missile fired from the weapon vehicle (from which the 
target is observed) at a predicted missile impact time is 
equal to the vector sum of two products: the factors of 
the first product are the weapon vehicle velocity vector 
Vand the time until missile impact T; the factors of the 
second product being the relative velocity vector V, of 
the missile and the missile time of flight, tz The future 
position of the target at such impact is equal to the 
vector sum of the target range R and the product of 
target velocity vector Vand the impact time interval 
T. The perpendicular distance E from the missile track 
to the predicted target position represents the predicted 
miss distance. The ratio of such miss distance to the 
predicted impact range along the direction of the 
weapon plaiform velocity vector is indicative of a steer- 
ing angle error which is corrected for by compensato- 
tily changing the flight path direction of the weapon 
platform (i.e., change the direction of the velocity vec- 
tor V4 so as to reduce E to zero). 

The parameters of V, and t;for a given armament or 
missile and tactical approach (lead-collision, lead pur- 
suit, etc.) are in general known or computed and are 
included in the data stored in or generated by a ballistic 
computer for the computation of steering control sig- 
nals. The parameter Vis, in general, not known and 
must be determined from other measured data such as 
own ship velocity vector V, and the rate of change of 
target range vector R, for use in the prediction compu- 
tation of VT. Such determination may be more accu- 
rately and effectively done where all such vector quan- 
tities are resolved in a common non-rotating Cartesian 
coordinate system and processed by means of the ar- 
rangement shown in FIG. 2. 

Referring to FIG. 2, there is illustrated a system em- 
bodying the concept of the invention. There is provided 
an automatic inertial navigator 10 adapted to be 
mounted on the weapon platform for determining the 
weapon platform velocity vector V4 in terms of the 
resolution components thereof, Vin, Vz and V4z, as 
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resolved in a Cartesian coordinate system, which is 
substantially non-rotating over the interval of the attack 
upon a target. There is also provided a ranging device 
such as a tracking radar 11 or like sensor for detecting 
the range distance and direction (i.e., the range vector, 
R) of the target. In other words, the target position data 
is provided in polar coordinates employing the coordi- 
nate system of the antenna of the tracking radar 11. The 
antenna control system of the tracking radar system is 
responsive to signals indicative of the roll and pitch 
motion of the weapon platform, as provided by an iner- 
tial platform of inertial navigator 10, for spatial stabili- 
zation of the antenna system against rolling and pitching 
maneuvers of the weapon platform, whereby the an- 
tenna need only be rotated in azimuth relative to the 
orientation of the inertial platform of inertial navigator 
10. 

The construction, arrangement and operation of iner- 
tial navigator system are well understood in the art, as 
indicated for example in the following U.S. Pat. Nos. 
3,282,118 issued to N. F. Parker; 3,269,024 issued to J. J. 
Fischer, et al; and 2,993,267 issued to J. M. Slater, et al. 
Accordingly, navigator 10 is shown in block form only 
for convenience in exposition. 

The computed target position data output (R, { and 
7) of radar 11 (in FIG. 2) is applied as inputs to the polar 
coordinate converter 12 (which is responsive to the 
weapon vehicle heading w) for conversion to the Carte- 
sian coordinate system (Ry, Rg and Rz) employed by 
inertial navigator 10. Such conversion involves multi- 
plication of the scalar range quantity R by suitable di- 
rection cosines, as is well understood in the art, and is 
done conveniently by digital computation techniques 
upon conversion of the parameters of interest to digital- 
ly-encoded form for such purposes. Such coordinate 
conversion may be simplified if the weapon platform 
roll and pitch ( and @) data is additionally utilized. 

The Cartesian-coordinate resolved target range com- 
ponents (Ry, Rg and Rz) provided by coordinate con- 
verter 12, together with the similarly resolved compo- 
nents of weapon platform velocity (V4n, Vag and 
Vaz), are employed by a prediction computer 13 for 
computing the smoothed components of target inertial 
velocity (Vry, Vrgand V7z). Such apparatus for com- 
puting each of such smoothed target velocity compo- 
nents comprises like closed loop integrating means, the 
arrangement of a representative one of which is shown 
more particularly in FIG. 3. 

Referring to FIG. 3, there is illustrated in block dia- 
gram form one of the three like closed loop integrating 
means comprising the prediction computing means 13 
of FIG. 2 responsive to the observed range R of the 
target, resolved along a preselected axis of a preselected 
Cartesian coordinate system, and further responsive to 
the velocity V4 of the weapon platform, resolved along 
the same preselected axis of the same coordinate system 
of the resolved target range, to provide a smoothed 
target velocity component V7, resolved along the same 
axis as said resolved target range and platform velocity, 
in accordance with the following expression: 


sR + V4 
ts+1 


(1) 


T= 


where 
t = first order lag time constant 
s = Laplace operator 
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In such arrangement of FIG. 3, there is provided a 
signal integrator 15 having a first input 16 responsive to 
a component V 4, of an observer’s velocity V4 resolved 
along the preselected coordinate N (of the Cartesian 
coordinate system (N, E, Z)) and further having a sec- 
ond input 17. There is also provided signal summing 
means 18 providing an output Vy indicative of the 
smoothed resolved target velocity component and hav- 
ing a first input 19 responsive to a signal indicative of 
the observed range R of the target resolved along the N 
coordinate, and further having a second input 20 cou- 
pled to an output of signal integrator 15. Input 17 of 
integrator 15 is coupled to an output of summing means 
18, whereby integrator 15 and summing means 18 coop- 


erate in negative feedback fashion. Such negative feed-_ 


back relation may be achieved by effecting a signal 
inversion stage within either of summing means 18 or 
integrator 15, as is well understood in the art. However, 
care must be taken to employ proper sense of the ap- 
plied input signal at the first input of either of such 
elements. 

The relationship of the output of summing means 18 
to the combined inputs applied to the arrangement of 
FIG. 3 may be determined from a treatment of the 
closed loop response to each of such inputs: Let 

Vrn = Vrn(Rn) + VrntVan) (2) 
which indicates that Vy is equal to the sum of the 
separate components thereof as respective functions of 
Van and Ry, respectively. Considering the function, 


VirnV an): 


VraVan) ___ K/s_ Q) 
VAN ~ 14+ K/s — s/K+1 
Therefore: 
VAN (4) 
VrMVAN) = GK + 1) 


which is seen to represent a simple first order lag, the 
time constant (f) for which being inversely proportional 
to the integrator gain term, K. 

Considering the function, V7){Rj): 


VinkRn) 1 S/K’ 6) 
Ry +K/s ~ s/K+1 
Therefore: 
sRy/K © 
VINRN) = “GIR +1) 
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which is seen to represent a differention (as indicated by . 


the free “‘s” term divided by K) coupled with a like first 
order lag as Equation (3). Accordingly, the Ry input is 


scaled by the factor K in FIG. 3: 
: q) 
sRy Ry 
VrIMKRN) = RAT = KR +1 


In view of the common denominator forms of the 
righthand members of Equations (4) and (7), such ex- 
pressions may be substituted in Equation (2): 


(8) 
sRy + Van 


Rn + Van 
(s/K + 1) 


(s+ 1) 


Vin = 


where 
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Ry = time rate of change of Ry 

t = first order lag time constant 

s = Laplace operator 
In other words, the arrangement of FIG. 3 cooperates 
to provide a first order filtered expression for the com- 
ponent target velocity Vy, which filtered component 
is further defined as the algebraic component sum of the 
observer’s resolved velocity V 7x and the rate of change 
of range Ry. 

The three smoothed components (V7y, Vryg and 
V7z) of target velocity V7, resolved in the non-rotating 
Cartesian coordinates system (N, E, Z) may then be 
subjected to further processing such as Kalman filtering 
techniques (if. desized), by filter processing means 14 in 
FIG. 2, to provide filtered target velocity components, 
V'rn, V're.and V'yz. Additional processing may be 
included for providing smoothed components of target 
acceleration (@7y, @7g and a7z) for use in second-order 
prediction computation of the target position at a se- 
lected future weapon impact point in time, T. Such 
processing to obtain the smoothed components of target 
acceleration may be effected in a manner similar to that 
illustrated in FIG. 3 for computing the smooth compo- 
nents of target velocity, as shown more particularly in 
FIG. 4. * 

Referring now to FIG. 4, there is illustrated in block 
diagram form an arrangement for computing an exem- 


‘plary one of the smoothed components of target accel- 


eration (azn), resolved in the non-rotating Cartesian 
coordinate system of interest, and employing the corre- 
sponding components of range (Ry) and weapon plat- 
form velocity (V4n). There is provided signal summing 
means 18 having a first input 19 responsive to resolved 
range signal KR ,yand having a second input 20 coupled 
to an output of a first signal integrator 15 having a sum- 
ming input, one terminal 16 of which summing input is 
responsive to resolved weapon platform velocity V 4y. 
There is also provided a second integrator 23 having an 
input responsively coupled to the output of summing 
means 18. The summing input of first integrator 15 is 
further responsively coupled to the input to and an 
output of second integrator 23. 

Integrators 15 and 23 are arranged to cooperate with 
summing means 18 in negative feedback fashion to pro- 
vide a second order response, the mathematical model 
for which may be derived similarly as was that for the 
first order response, explained in connection with the 
description of the single integrator arrangement of FIG. 
3. The input to first integrator 15 from the input of 
second integrator 23 (output of summing means 18) 
serves as a damping input to prevent second-order 
“ringing,” as will be explained more fully hereinafter. 
Therefore, such input is suitably scaled (tp) by scaling 
means 22 to provide that degree of damping desired. 

The relationship of the output of summing means 18 
to the combined inputs applied to the arrangement of 
FIG. 4 may be appreciated from a treatment of the 
closed loop response to each of such inputs: Let 

arn = 47h KRy) + arhV an) (9) 
which indicates that such component of the resolved 
target accleration (@7y) is equal to the sum of the sepa- 
rate components thereof as respective functions of V4n 
and Ry, respectively. Considering the function ayy. 


(Van): 
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atn¥ AN) _ K/s (10) 
V, “ KT; 
AN 14a? 
Rearranging: 
aTM VAN) _ 5 05) 
VAN [e°/K + sTp + 1] 
SVan (12) 
“n) = 
amM VAN) = TI Ty A] 


This latter expression is seen to represent the differenti- 
ation of ownship velocity (as indicated by the free s 
term), coupled with a second order filtering term. Such 
second order filtering term effects smoothing where K 
is selected to correspond to the square of an upper cut- 
off frequency of interest and where the term Tp is se- 
lected to provide a desired degree of damping of such 
second order term, as is well understood in the filter art. 

Considering the second function, a7)(Ry) of Equa- 
tion (9): 


a7M{KRyn) 1 (13) 


KRn K 


se 
Rearranging: 


a7MKRy) _ 2/K 
KRy [s*/K 4+ sTp + 1) 


ET, 
14-24 


(14) 


?Ry (15) 
KR i) ee 
aTMERW) = Te stp tT 
Substituting Equations (12) and (15) in Equation (9): 
?Ry + sVan Ry + Van 


“IN| 2K +sTp +l) (e/K+sTp +1] 


(16) 


Where the processing for the acceleration compo- 
nents, in accordance with Equation (16), is effected by 
the filter processing means 14 of FIG. 2, the inputs to 
such element necessarily include Ry, Rg and Rz (out- 
puts of element 12) in addition to the illustrated inputs, 
Vin, Vreand V7z. 

Because the filtered velocity and acceleration compo- 
nents of target motion are so-filtered or smoothed as to 
avoid lagging of ownship data or destabilization of the 
airframe maneuver weapons control loop, heavier filter- 
ing may be successfully employed for increased target 
prediction smoothing. For example, although the veloc- 
ity component outputs of element 13 in FIG. 2 have 
been described as being inherently first-order filtered 
and the acceleration component outputs of element 14 
as second order filtered, with further non-linear filter- 
ing, such as Kalman or other digital filtering, being 
applied by element 14, the concept of the invention is 
not so limited. Second order filtering may be employed 
in generating velocity components V7y, Vrg and V7z, 
as well as in the generation of the acceleration compo- 
nents a7y, @7g and azz. Alternatively, non-linear filter- 
ing may be employed exclusively in the generation of 
the velocity and acceleration components as to obviate 
separate and further filter-processing of such compo- 
nents. 

Although such acceleration components are useful in 
second order prediction in a fire control computer, such 
data may also be employed, for example, in the range- 
tracking unit (RTU) of the inertially-stabilized tracking 
radar 11 of FIG. 2. Such an exemplary utilization of 
such data is shown in simplified form for a single axis 
case in FIG. 5. 


10 


25 


35 


40 


45 


55 


60 


65 


8 


- Referring to FIG. 5, there is illustrated a tracking 
radar 11 such as an angle tracking monopulse radar, the 
sum channel output of the receiver 30-of which cooper- 
ates with a target range-tracking unit (RTU) 31 thereof. 
The arrangement and cooperation of a monopulse re- 
ceiver having a range-tracker is understood in the art, 
being somewhat fully described in U.S. Pat. No. 
3,177,484 issued to R. O. Case, Jr., et al, for Position 
Indicating System. The damped doubly integrating 
computation loop of FIG. 4 is closed about RTU 31, the 
output of integrator 15 being applied as a computed 
range input to RTU 31 and the range error or control 
output of RTU 31 being applied as an input to terminal 
24 of the doubly integrating computer. As is well under- 
stood in the servomechanism art, a difference between 
the range signal input to RTU 31 from receiver 30 and 
the computed range input thereto from the double inte- 
grator will result in a difference signal output r, having 
certain properties under certain circumstances. For 
example, under a target tracking situation where the 
angle-tracking controls of the monopulse radar main- 
tain the radar boresight axis directed toward the target, 
the steady-state range error or output of the RTU 31 
will tend to be zero; however, where the radial range of 
the target is accelerating, (i.e., the range rate, itself, is 
changing) then the steady state RTU error or output is 
indicative of the steady-state target radial acceleration. 

The arrangement of FIG. 5, is, of course, over-simpli- 
fied. For example, the actual computed range R, is to be 
computed as the square root of the sum of the square of 
the range components determined in the preselected 
inertially stabilized Cartesian coordinate system. Also, 
although the schematic arrangement computes the tar- 
get range and acceleration components for control of 
the RTU 31, such arrangement yet does not employ 
such target acceleration components to reduce tracking 
errors in the angle-tracking controls of the tracking 
radar 11, which additional feature is shown in FIG. 6. 

Referring now to FIG. 6, there is illustrated in block 
diagram form a preferred embodiment of the inventive 
concept in which radar tracking is combined with the 
prediction computation, which computation generates 
first and second order prediction terms and also pro- 
vides improved stabilization of the radar in inertial co- 
ordinates against aircraft maneuvers. There is provided 
an inertially roll-stabilized range-and angle-tracking 
radar 11 which provides output signals indicative of the 
range tracking error r,;and the angle tracking errors €; 
and ¢;. Range error resolution means responsive to a set 
of computed inertially stabilized polar coordinate target 
position data f7, nrand r;, is provided for resolving the 
radar tracking error output signals relative to that pre- 
selected inertially stabilized Cartesian coordinate sys- 
tem in which an associated inertial navigator system 10 
provides resolved platform (ownship) velocity data 
(Ven, Vce and h). Such resolution means comprises a 
range error resolver 32 and multipliers 33 and 34 for 
computing the resolved range error components r.4 
rex and r.zin accordance with the following set of rela- 
tionships: 


"ez = —resinneosly + resingysinny + rexcosny 
TeN = Texcosip’ — reysinyy’ 
Tez = Texsiny’ + reycosyy’ 


where: 


(17) 


rex = TFeeoskycosny — repintzcosnz + rexsinny 
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-continued 


rey = resingy + r.osty 


Such computational scheme may be either analog or 5 
digital or any hybrid computing arrangement as may be 
preferred, as is understood in the computing art. 

There is also provided doubly integrating feedback 
means responsive to the resolved tracking errors ren 


rf and r.z for computing the components Ry, Rg and jo 


Rz of target position, resolved in the preselected iner- 
tially stabilized Cartesian coordinate system (of naviga- 
tion system 10). Three separate but like computing 
channels are employed, one for each range error com- 


ponent. The first channel is comprises of a first integra- 15 


tor 1§ responsively connected to the input and output 
~ “respectively of a second integrator 23, scaling means 22 
being interposed at the damping input to first integrator 
15, in like manner as was explained in connection with 
the description of FIG. 4, the common input r,yto each 
of integrator 23 and gain scaling means 22 (in FIG. 6) 
being the r,, output of resolver 32. Because the second 
and third channels 36 and 37 of the doubly integrating 
means are similarly constructed and arranged as the first 
channel, for the processing of rez and rez respectively, 
such elements are illustrated in FIG. 6 in block form 
only. 

A target position computer 38 responsive to ownship 
heading wy’ and pitch attitude v, (as determined by iner- 
tial navigator 10) and further responsive to the resolved 
target range components Ry, Rg and Rz(computed by 
the doubly integrating feedback means) further com- 
putes the ownship stabilized polar coordinates {7, nr 
and r ; of the computed target position (for control of 
radar 11) in accordance with the following set of rela- 


tionship: ss 
nj = rxcoshycosny + rysing yy — rzsinnzcos 
rj = rxsingycosny + rycoshy + rzsingzsinnr =O —} (18) 
40 


re = rysinny + rzcosnr = 0 


The simultaneous set of equations (2) is solved itera- 
tively for r; = 0 and r; = 0, by changing ny and C7. 
Upon such solution, the tracking radar line of sight is 
directed toward the predicted target position and 7;then 
corresponds to the correct slant range, The range com- 
ponents ry, ryand rz are also available from such com- 
position. Such data set is employed by the tracking 
radar 11, where the radar range tracking and angle- 
tracking loops are thus closed about an inertially stabi- 
lized Cartesian coordinate second order prediction sys- 
tem, and in which second order filtering of target data 
is effected without either the filtering of ownship mo- 
tion data or the insertion of lags in ownship weapon 
maneuvering control loops. Further, second order pre- 
diction is employed for improved radar angle tracking 
performance and without the use of performance- 
limited rate gyros. 

The weapon control system of FIG. 6 also includes 
weapon control means for weapon vehicle guidance 
and weapon fire control, and comprises a fire control 
and bombing computer 39 in cooperation with a ballis- 
tic computer 40 to generate steering (€y and €z) and 
time-to-go (74) signals for utilization by a display indica- 
tor 41, an automatic flight controller 42 or bomb release 
means 43. In addition to the polar coordinate target 
position data, £7, ny and 7;, provided to tracking radar 
11, target position computer 38 also provides a second 
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10 
output data set (ry, ryand ry), resolved into that coordi- 
nate system (X, Y, Z) employed by the weapon control 
computer 39. Computer 39 also utilizes the relative 
velocity or target range rate, resolved into the weapon 
computer (X, Y, Z) coordinate system as (Vy — Vey), 
(Vry — Vey), and (Vrz + fA). Each of these compo- 
nents represents the velocity difference between the 
weapon platform Vg (as determined by inertial naviga- 
tor 10) and the target velocity V7 (as computed within 
the doubly integrating feedback means). More particu- 
larly, there is provided signal combining means 118, 
218, and 319, responsive to a respective one of the com- 
ponents of the platform inertial velocity output of the 
navigation system 10 and resolved in the preselected 
inertially stabilized Cartesian coordinate system, and 


further responsive to a corresponding one of the outputs ~ - 


(Vrn, Vg and V7z) of a first integrating stage of the 
doubly integrating means for providing signals indica- 
tive of target range rate, (Vrw — Ven), (Vre — Voz) 
and (V7z + A). The relative target velocity or target 
range rate signals are then resolved by a resolver 44 
responsive to own ship heading, w', into the ownship 
coordinate system employed by fire control computer 
39. 

For example, the output of first channel integrator 23, 
being a first derivative order higher than the output Ry 
of integrator 15, is indicative of the first derivative of 
Ry: Vr. The differential combining of the resolved 
target velocity, component V7, and the correspond- 
ingly resolved ownship velocity component Vgy by 
differential signal combining means 118 thus generates 
the target range rate component, (Vzy — Vey). 

The range and angle sensing radar 11 has been de- 
scribed in terms of a closed loop range and angle track- 
ing arrangement, in which the second order prediction 
of a doubly integrating arrangement is employed, the 
angle tracking loops being closed by ganged switches 
44a and 448, as illustrated in FIG. 6. However, the 
concept of the invention is not limited to such closed 
loop angle tracking arrangement, and the system may 
be operated in an alternative optical mode by switching 
switches 44a and 445 to a second state whereby a pilot, 
optically aided by a display indicator 41, may manually 
provide azimuth and elevation tracking correction sig- 
nal inputs by means of potentiometers 45 and 46 for 
utilization by the second order predictor means. 

Accordingly, there has been illustrated improved 
means for determining the components of target mo- 
tion, without imposing computational errors on own- 
ship motion data, for improved accuracy in fire control 
systems utilizing such data, and for allowing effective 
use of higher-order predictions for yet further improve- 
ments in fire control accuracies while avoiding the use 
of rate gyros. Further, because of the inertially stabi- 
lized coordinate system employed for radar stabiliza- 
tion, lower-dynamic L.O.S. responses may be employed 
by the radar systems as to decrease system susceptabil- 
ity to hostile electronic counter measures. 

Although the invention has been described and illus- 
trated in detail, it is to be clearly understood that the 
same is by way of illustration and example only. 

I claim: 

1. Target tracking apparatus employing second order 
prediction and comprising in combination 

an inertially roll-stabilized range-and-angle sensor for 

providing output signals indicative of the range 
tracking and angle tracking errors thereof; 
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range error resolution means responsive to a set of 
computed polar coordinate target position data for 
resolving the sensor tracking error output signals 
relative to a preselected inertially stabilized Carte- 
sian coordinate system; 

doubly integrating feedback means responsive to said 
resolved tracking error signals and to velocity 
outputs of the inertial navigator for computing the 
components of target position, velocity and accel- 


eration resolved in said Cartesian coordinate sys- 


tem; and 

target position computing means responsive to said 
resolved target data components computed by said 
feedback means for further computing the polar 
coordinates of said computed target position, said 
sensor being responsive to said computed polar 
coordinate target position data. 
2. The device of claim 1 in which there is further 
included in inertial navigator system for providing iner- 
tial stabilization of said computed target position data. 
3. The device of claim 2 in which said inertial naviga- 
tor system also provides outputs indicative of platform 
velocity resolved in said preselected Cartesian coordi- 
nate system and in which there is further provided sig- 
nal combining means responsive to the resolved veloc- 
ity outputs of said inertial navigator and to the outputs 
of a first integrating stage of said doubly integrating 
feedback means for providing signals indicative of com- 
puted target velocity, resolved in said preselected Car- 
tesian coordinate system. 
4. The device of claim 3 in which said target position 
computing means also provides computed target posi- 
tion data resolved in an additional coordinate system 
and in which there is further provided weapon control 
computing means employing said additional coordinate 
system and responsively coupled to said inertial naviga- 
tor system, said target position computing means and to 
said signal combining means. 
5. The device of claim 1 in which there is further 
provided an inertial navigator system for roll stabiliza- 
tion of said sensor and for pitch and yaw stabilization of 
the computed polar coordinate target position data. 
6. In a weapon control system employing a first pre- 
selected target position coordinate system and further 
including an inertially stabilized range-and-angle sensor 
and an inertial navigator system, the combination com- 
prising 
range error resolution means responsive to a set of 
computed inertially stabilized polar coordinate 
target position data for resolving the sensor track- 
ing errors relative to a preselect inertially stabilized 
second Cartesian coordinate system; 
doubly integrating feedback means responsive to said 
resolved tracking errors for computing the compo- 
nents of target position, resolved in said second 
Cartesian coordinate system; 

target position computing means responsive to said 
doubly-integrating feedback means for resolving 
said computed target position data in said first pre- 
selected target position coordinate system and also 
into a polar coordinate system, said tracking sensor 
being responsive to a polar coordinate output of 
said target position computing means; and 

signal-combining means responsive to the inertial 
velocity of said navigator system, resolved in said 
inertially stabilized second Cartesian coordinate 
system and to the outputs of a first integrating stage 
of said doubly integrating means for providing 
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signals indicative of target range rate, resolved in 
said inertially stabilized second Cartesian coordi- 
nate system. 

7. The device of claim 6 in which there is further 
provided ; 

means for resolving said target range rate signals into 

said first preselected target position coordinate 
system; and 

weapon control means responsive to said resolved 

target range rate signals and to said computed tar- 
get position data resolved in said first preselected 
target position coordinate system. 

8. Apparatus for computing a smoothed inertial ve- 
locity component V7 of an observed target, resolved 
along a preselected coordinate of a Cartesian coordinate 
system, comprising means for observing the range R of 
said target and closed loop integrating means respon- 
sive to the observed range R of said target, resolved 
along said preselected coordinate system, and further 
responsive to the observer’s velocity V4, resolved 
along said preselected coordinate, to provide said 
smoothed target velocity component in accordance 
with the following expression: 


sR + V4 
T= "Fs+1— 
where: 

7 = first order lag time constant 

5s = Laplace operator. 

9. Apparatus for computing a smoothed inertial ve- 
locity component of an observed target, resolved along 
a preselected coordinate of a Cartesian coordinate sys- 
tem, comprising 

signal integrating means having an input adapted to 

be responsive to a component of.an observer’s 
velocity resolved along said preselected coordi- 
nate; and 
signal summing means providing an output indicative 
of said smoothed resolved target velocity compo- 
nent and having a first input adapted to be respon- 
sive to a signal indicative of the observed range of 
the target resolved along said preselected coordi- 
nate and further having a second input coupled to 
an output of said signal integrating means, said 
integrating and summing means cooperating in 
negative feedback relation. . 
10. In a weapon control system having an inertial 
navigator and fire control radar, improved means for 
deriving steering errors, comprising 
coordinate converter means responsive to said radar 
and to ownship heading for converting the radar 
polar coordinates of target position into Cartesian 
coordinates in that coordinate system in which the 
navigator provides ownship position data; and 

smoothed target velocity computing means respon- 
sive to said target position Cartesian coordinate 
outputs of said target coordinate converter means 
and. further responsive to own vehicle velocity 
Cartesian coordinate outputs of said navigator for 
computing smoothed target velocity in Cartesian 
coordinates; : 

said target velocity computing means including 

closed loop integrating means responsive to said 
target position data R and said own vehicle veloc- 
ity data V4 to provide resolved components of 
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13 
target velocity data V7 in accordance with the 
expression: 


sR+ V4 


las | - 
where: 
T = first order lag filter time constant 
s = Laplace operator. 10 
11. The device of claim 10 in which said smoothed 
velocity computing means comprises: 
signal summing means having a first and second in- 
put, said first input being coupled to a component 
of target range R, resolved along a preselected 6 


coordinate of said coordinate system, 

phase-inverting signal integrating means having an 
output coupled to said second input of said sum- 
ming means and further having a first input cou- 
pled to a component of ownship velocity V4 re- 
solved along said preselected coordinate and fur- 
ther having a second input responsively coupled to 
an output of said summing means, the output signal 
at said summing means output being indicative of 
said smooth target velocity. 

12. The device of claim 10 in which said smoothed 

velocity computing means comprises 

signal integrating means having an input coupled to a 
component of ownship’s velocity V, resolving 
along a preselected coordinate of said coordinate 
system; and 

signal summing means providing an output indicative 
of smoothed component of target velocity resolved 
along said preselected coordinate, said signal sum- 
ming means having a first input responsive to_a 
signal indication of a component target range R 35 
resolved along said preselected coordinate and 
further having a second input coupled to an output 
of said signal integrating means, said integrating 
and summing means cooperating in negative feed- 
back relation. 

13. The device of claim 10 in which said smoothed 

velocity computing means comprises: 

differential signal combining means having a first and 
second input, said first input being coupled to a 
component of target range R, resolved along a 45 
preselected coordinate of said coordinate system; 

signal integrating means having an output coupled to 
said second input of said combining means and 
further having a first input coupled to a component 
of ownship velocity V4 resolved along said prese- 
lected coordinate and further having a second 
input responsively coupled to an output of said 
combining means, the output signal at said combin- 
ing means output being indicative of said smooth 
target velocity. 

i4. In a weapon control system having an inertial 

navigator and fire control radar, improved means for 

deriving steering errors, comprising 

coordinate converter means responsive to said radar 
and to ownship attitude (is, @ and @) for converting 60 
the radar polar coordinates of target position to 
Cartesian coordinates in that coordinate system in 
which the navigator provides ownship position 
data; and 

smoothed target velocity computing means respon- 
sive to said target position Cartesian coordinates 
outputs of said of target coordinate converter 
means and further responsive to own vehicle ve- 
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locity Cartesian coordinate outputs of said naviga- 
tor for computing smoothed target velocity in Car- 
tesian coordinates, 

said target velocity computing means including 
closed loop integrating means responsive to said 
target position data R and said own vehicle veloc- 
ity data V4 to provide target velocity data Vr in 
accordance with the expression: 


sR + V4 
T= 7s+1— 
where: 

7 = first order lag filter time constant 

Ss = Laplace operator. 

15. The device of claim 14 in which said smoothed 
velocity computing means comprises 

signal integrating means having an input coupled to a 

component of ownship’s velocity V4 resolving 
along a preselected coordinate of said coordinate 
system; and 

signal summing means providing an output indicative 

of smoothed component of target velocity resolved 
along said preselected coordinate, said signal sum- 
ming means having a first input responsive to a 
signal indicative of a component target range R 
resolved along said preselected coordinate and 
further having a second input coupled to an output 
of said signal integrating means, said integrating 
and summing means cooperating in negative feed- 
back relation. 

16. Apparatus for computing a smoothed inertial 
acceleration component ar of an observed target, re- 
solved along a preselected coordinate of a Cartesian 
coordinate system, comprising means for observing the 
range R of said target and closed loop integrating means 
responsive to the observed range R of said target, re- 
solved along said preselected coordinate system, and 
further responsive to the observer’s velocity V4, re- 
solved along said preselected coordinate, to provide 
said smooth target acceleration component in accor- 
dance with the following expression: 


KR + sV4 
qaqurTssel|™:==:“—- 
PT P/K + sTp +1 


where: 
K = integration gain constant 
Tp = first order damping constant 
s = Laplace operator. 
17. The device of claim 16 in which said smoothed 
inertial acceleration computing means comprises 
first signal integrating means having a first input 
adapted to be responsive to a component of an 
observer’s velocity resolved along said preselected 
coordinate and further having a second and third 
input; and 
signal summing means providing an output indicative 
of said smoothed resolved target acceleration com- 
ponent and having a first input adapted to be re- 
sponsive to a signal indicative of the observed 
range of the target resolved along said preselected 
coordinate and further having a second input cov- 
pled to an output of said first signal integrating 
means; and 
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second signal integrating means having an input re- 
sponsive to the output of said summing means, said 
second and third inputs of said first integrating 
means being responsive to a respective one of an 
output and said input of said second integrating 
means, and said integrating and summing means 
cooperating in negative feedback relation. 

18. The device of claim 16 in which said smoothed 

acceleration computing means comprises 

signal summing means having a first and second in- 
put, said first input adapted to be coupled to a 
component of target range R resolved along a 
preselected coordinate of said coordinate system; 
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first signal integrating means having an output cou- 
pled to said second input of said summing means 
and further having a summing input adapted to be 
responsive to a component of ownship velocity V4 
resolved along said preselected coordinate and 
responsive to the output of said summing means; 
and 

second signal integrating means having an input re- 
sponsively coupled to the output of said summing 
means, said summing input of said frist signal inte- 
grating means being further responsive to an out- 


put of said second signal integrating means. 
* ¢ * * & 


